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Preface

Contemporary plant breeders no longer need to rely solely on traditional method-
ologies in their work of assuring a sustainable and elastic level of world food pro-
duction. However, human population is increasing at an alarming rate in developing 
countries, and food availability could gradually become a serious problem. 
Agriculture production is severely affected because of environmental pollution, 
rapid industrialization, water scarcity and quality, erosion of fertile topsoil, limited 
remaining arable land to expand production area, lack of improvement of local plant 
types, erosion of genetic diversity, and dependence on only few crop species for 
food supply worldwide. According to the FAO, 70% more food must be produced 
over the next four decades to feed a projected population of 9�billion people by the 
year 2050. Currently, only 30 plant species are used to meet 95% of the world�s food 
requirements, which are considered as the major crops. The breeding programs of 
these crops have been very much dependent on the ready availability of genetic 
variation, either spontaneous or induced. Plant breeders and geneticists are under 
constant pressure to sustain and increase food production by using innovative breed-
ing strategies and introducing minor crops that are well adapted to marginal lands 
and can provide source of nutrition through tolerance of abiotic and biotic stresses. 
In traditional breeding, introgression of one or a few genes into a cultivar is carried 
out via backcrossing over several plant life cycles.

With the development of new molecular tools, molecular marker-assisted back-
crossing has facilitated rapid introgression of a transgene into a plant and reduced 
linkage drag. Continued development and adaptation of plant biotechnology, 
molecular markers, and genomics have established ingenious new tools for the cre-
ation, analysis, and manipulation of genetic variation for the development of 
improved cultivars. For example, molecular breeding has great potential to become 
the standard practice in the improvement of several fruit crops. Adopting a multidis-
ciplinary approach comprised of traditional plant breeding, mutation breeding, 
plant biotechnology, and molecular biology would be strategically ideal for devel-
oping new improved crop varieties. This book highlights the recent progress in the 
development of plant biotechnology, associated molecular tools, and their usage in 
plant breeding.

mohan.jain@helsinki.fi
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The basic concept of this book is to examine the best use of both innovative and 
traditional methods of plant breeding to develop new crop varieties suited to differ-
ent environmental conditions to achieve sustainable food production and enhanced 
food security in a changing global climate, in addition to the development of crops 
for enhanced production of pharmaceuticals and innovative industrial uses. Three 
volumes of this book series were published in 2015, 2016, and 2018, respectively: 
Volume 1, Breeding, Biotechnology and Molecular Tools; Volume 2, Agronomic, 
Abiotic and Biotic Stress Traits; and Volume 3, Fruits. In 2019, the following four 
volumes are concurrently being published: Volume 4, Nut and Beverage Crops; 
Volume 5, Cereals; Volume 6, Industrial and Food Crops; and Volume 7, Legumes.

This Volume 4, subtitled Nut and Beverage Crops, focuses on the advances in 
breeding strategies using both traditional and modern approaches for the improve-
ment of individual plantation crops. Included in Part I are 11 important nut species 
recognized for their economical and nutritional importance including almond, 
argan, Brazil nut, cashew nut, chestnut, hazelnut, macadamia, peanut, pine nut, pis-
tachio, and walnut. Part II covers two popular beverage species, coffee and tea.

Chapters are written by internationally reputable scientists and subjected to a 
review process to assure quality presentation and scienti�c accuracy. Each chapter 
begins with an introduction covering related backgrounds and provides in-depth 
discussion of the subject supported with high-quality color photos, illustrations, and 
relevant data. This volume contains a total of 108 �gures and 55 tables to illustrate 
presented concepts. The chapter concludes with an overview of the current status of 
breeding and recommendations for future research directions as well as appendixes 
listing research institutes and genetic resources relevant to the topic crop. A compre-
hensive list of pertinent references is provided to facilitate further reading.

The book is an excellent reference source for plant breeders and geneticists 
engaged in breeding programs involving biotechnology and molecular tools together 
with traditional breeding. It is suitable for both advanced undergraduate and post-
graduate students specializing in agriculture, biotechnology, and molecular breed-
ing as well as for seed companies and policy-makers.

We are greatly appreciative of all the chapter authors for their contributions 
towards the success and quality of this book. We are proud of this diverse collabora-
tive undertaking, especially since this volume represents the efforts of 53 scientists 
from 13 countries. We are also grateful to Springer for giving us an opportunity to 
compile this book.

Al-Hassa, Saudi Arabia  Jameel�M.�Al-Khayri 
Helsinki, Finland   Shri�Mohan�Jain 
Cincinnati, OH, USA   Dennis�V.�Johnson  
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1.1  Introduction

The cultivated almond [Prunus dulcis (Miller) Webb, syn. P. amygdalus (Batsch)], 
of the Rosaceae family, is an ancient domesticated nut crop that has coevolved with 
human civilization. The edible and tasty kernel of this nut crop species is the main 
reason for its production and use (Gradziel and Martínez-Gómez 2013).

Almond is the only Prunus species cultivated exclusively for its kernel (Fig.�1.1). 
Today, almonds are cultivated in more than 50 countries (http://faostat.fao.org), 
with 95% grown in California, Australia and the Mediterranean Basin. Historically, 
almonds were consumed as fresh and processed food, and are actually considered as 
a functional food with both nutritional and purported medical properties including 
purported anti-in�ammatory and hypocholesterolemia properties (Musa-Velasco 
et�al. 2016; Poonan et�al. 2011).

The objective of this review is to assess new breeding perspectives including 
nutraceutical values and drought resistance together with the development of the 
more recent technologies applied to the breeding programs including DNA, RNA 
and epigenetic marks.

Fig. 1.1 (a) Cultivated almond tree, (b) Almond �owers, (c) Fruit and kernel morphology. 
(Source: Figure created by Raquel SÆnchez-PØrez)

P. J. Martínez-García et�al.
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1.2  Origin of�Cultivation

A wide dissemination of cultivated almond is notable today; several authors have 
distinguished four different stages: (a) Asiatic, (b) Mediterranean, (c) Californian 
and (d) Southern Hemisphere stages. Gradziel (2011) described each stage in detail. 
In each of the different stages, there was particular reference to almonds in several 
aspects of human civilization including in literature, medicine and food. However, 
although the ancestry and domestication history of cultivated almond has been stud-
ied extensively (Gradziel 2011; Grasselly 1976; Kester et�al. 1991; Ladizinky 1999; 
Velasco et�al. 2016; Watkins 1979), many facts still remain unknown.

Central and western Asia are believed to be the origin of the wild almond rela-
tives (Browicz 1972; Browicz and Zohary 1996; Denisov 1988; Grasselly and 
Crossa-Reynaud 1980; Grasselly 1976; Kester et�al. 1991; Komorov et�al. 1941). 
Primarily, Amygdalus communis L. (syn. Prunus communis Archang.) was pro-
posed as the origin of cultivated almond (Kovalyov and Kostina 1935). A later study 
by Ladizinsky (1999) proposed A. fenziliana Fiitsch as the ancestral species of the 
cultivated almond. This origin propositions have led to at least three different theo-
ries being suggested, which seem to have some degree of communality. The �rst 
states that the cultivated almond derived from wild Near East P. dulcis populations 
(Levant theory), the second hypothesizes that cultivated almonds are stabilized 
hybrids among south-western Asian species (hybrid theory) and the third theory is 
based on coalescence-based models, which partly supports both scenarios and sug-
gests that most almond lineages differentiated during the Holocene (within the past 
10,000�years), concomitant with the origins and expansion of agricultural practices 
in the Mediterranean Basin (Delplancke et�al. 2012).

Another unknown in the history of almond cultivation, is the place of origin of 
domestication itself. Some evidence suggests that the most plausible spatio- temporal 
origin of Prunus dulcis domestication occurred in the Fertile Crescent, and dis-
persed across present day Israel, Palestine and Lebanon up through Syria and east-
ern Turkey and across to Iraq (Albala 2009), during the �rst half of the Holocene, 
~5000�years ago (Browicz and Zohary 1996; Delplancke 2011; Velasco et�al. 2016; 
Willcox et�al. 2009; Zohary et�al. 2012).

1.3  Almond Production

With a world value approaching USD 2.30�billion in 2016, almond has become the 
largest specialty crop export in the USA and the largest agricultural export by value 
(USD 4532�million) of California (ABC 2016).

California accounted for over 80% of the global production of 929,864�mt in 
2017 on over 380,405�ha. Australia is now the second largest producer of almond 
kernels with 79,461� mt and only 39,662� ha (29,358� ha bearing, 6758� ha non- 
bearing, 3546�ha new plantings). Spain, is the third largest producer but with the 

1 Almond [Prunus dulcis (Miller) D.A.�Webb] Breeding
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largest area, at over 544,518�ha, under cultivation. The rest of the world�s almond 
production comes from about 20 countries, mainly Tunisia, Morocco, Italy, 
Turkey, Chile and Iran. The Balkan Peninsula including areas of Bulgaria and 
Romania; Mexico and Hungary also have limited almond production. Additional 
areas exist in central and southwestern Asia including Syria, Iraq, Israel, Ukraine, 
Tajikistan, Uzbekistan, Afghanistan and Pakistan, extending into western China 
(ABA 2017) (Table�1.1).

The main grown cultivar in California is Nonpareil, with a cultivation area of 
131,622�ha, representing 38% of the total area cultivated and producing 40.7% of 
the total production. Other important cultivars are Monterey, Butte and Carmel with 
cultivation areas of 46,085�ha, 32,810�ha and 30,495�ha, respectively. In addition, 
the Spanish cultivar Marcona is cultivated in only 60�ha in California. This cultivar 
is the best-evaluated traditional cultivar in Spain recognized by growers and market 
for its excellent kernel quality.

Almond kernels can be eaten in their natural state or processed. They have an 
excellent taste, crunchy texture and good visual appeal and support diverse food 
uses. Kernels may be roasted dry or in oil followed by salting with various season-
ings and used as an ingredient in many manufactured food products. The processed 
kernel is usually blanched, which removes the pellicle (skin) using hot water or 
steam. For pastry, ice cream, breakfast cereals and vegetable mixtures use, almond 
kernels can be sliced or diced. The kernels are important ingredients in bakery 
products and, ground into a paste, in the production of marzipan. Several factors 
such as cultivar, moisture content, processing and handling procedures can impact 
the �avor and texture of almonds (Kester and Gradziel 1996).

Almond cultivation in the Mediterranean countries is mostly non-irrigated, with 
kernel yields around 400�500�kg/ha, much lower than the 2300�kg/ha of the USA, 
where the production is much more intensive and exclusively irrigated (http://fao-
stat.fao.org). The Mediterranean almond-producing areas play an important role in 
social strengthening and retention of families in the area, thus contributing to reduce 

Table 1.1 Global almond 
kernel production in 2017

Country Production (mt)
California (USA) 929,864
Australia 79,461
Spain 50,954
Tunisia 15,000
Iran 15,000
Turkey 13,000
Chile 14,000
Morocco 11,000
Italy 7500
Greece 3000
Others 30,000

Source: ABA (2017)

P. J. Martínez-García et�al.
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emigration. However, in spite of the higher oil quality and nutraceutical content 
found in the cultivars grown in the Mediterranean area, almond culture is affected 
by the low rainfall and drought-limited production.

The Spanish Agriculture Services reported that the summer 2014 drought 
affected 72,829�ha (18% of cultivated area) in non-irrigated areas, considering only 
the Murcia Region. Damage was estimated by agricultural organizations at around 
EUR 123.5�million and more than 2�million trees died. The situation was even more 
severe in Morocco and Tunisia. Data reported from Tunisia indicated that during the 
last major drought period, 2000 to 2003, more than 20�million trees and 200,000�ha 
(80% of the cultivated area) were seriously affected. In these areas of the 
Mediterranean Basin, water has become a scarce resource due to high consumption 
and the high level of overall pollution. Additionally, the increasing vulnerability to 
inclement weather and to long periods of drought has led to depopulation of many 
rural areas. Therefore, the implementation of appropriate measures is absolutely 
necessary to protect affected farms, their trade and income, as well as that of asso-
ciations, to ensure their independence through collective management. Beyond the 
ethical imperative of doing research on how to increase production and to strengthen 
the adaptation of plants to drought on a global basis, there is also a need to provide 
a bene�cial solution to the Mediterranean countries affected by spatial and temporal 
complexity of regional droughts (Gouveia et�al. 2017). Moreover, climate change 
conditions accentuate drought since a reduction of 10% in precipitation translates 
into 25% loss of soil water. In almond growing, water availability is a major con-
straint in the cultivation of the species.

1.4  Genetic Diversity and�Conservation

Although, the wild almond progenitor is unknown, a signi�cant reduction in genetic 
diversity relative to wild progenitor species (once the wild progenitor is con�rmed) 
should be expected as a consequence of the process of domestication, which is attrib-
uted to a genetic bottleneck. However, in almond this domestication bottleneck and 
the following expansion in population size seems unlikely (Meyer and Purugganan 
2013; Velasco et�al. 2016). With the use of population genetics approaches and after 
the evaluation of genome-wide diversity patterns, results have shown no evidence of 
a bottleneck during the domestication of almond (Velasco et�al. 2016). Additionally, 
the authors observed that some regions showed signatures of selection during domes-
tication and also candidate regions presented some overlap between almond and 
peach (having a divergence time ~8�million years ago). The lack of a genetic bottle-
neck has also been observed in other perennial crops such as apple and grape (Gross 
et�al. 2014; Zhou et�al. 2017), and was associated with the life history of perennials 
exploited for domestication (Gaut et�al. 2015). Interestingly, Velasco et�al. (2016) 
observed that fruit traits were not preferentially targeted during domestication but 
likely selected much earlier during species (peach and almond) divergence.

1 Almond [Prunus dulcis (Miller) D.A.�Webb] Breeding
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The outcrossing nature of Prunus dulcis, due to its self-incompatible origin, has 
contributed to maintain a high level of genetic variability in cultivated almond. 
Early studies observed a limited genetic base in commercial cultivars; the authors 
considered the use of a few founder genotypes selected for their desirable regional 
value could be the main reason of the low variability (Socias i Company and Felipe 
1992). This can be the case of most commercially-important California cultivars 
originated from crosses between only two parents: cvs. Nonpareil and Mission 
(Bartolozzi et�al. 1998; Hauagge et�al. 1987; Kester and Gradziel 1996). Also, in 
Europe the main source of self-compatibility used by breeders has been the almond 
cv. Tuono, which could limit the genetic base present in new commercial cultivars. 
In addition, only a limited number of accessions are currently maintained 
(Appendix II). However, more recently, Szikriszt et�al. (2011) found no correla-
tions between the origin of the germplasm and the level of diversity. According to 
these authors, the actual germplasm has not suffered any genetic erosion after 
inbreeding, since the self-compatibility is a new trait only present in almond 
breeding for the last few decades.

A complete genetic characterization of the whole almond germplasm should be 
considered by the research community to increase information about the historical 
gene pool and to assure its useful protection and utilization for future breeding. 
Advances in DNA sequencing technology now permits a more precise analysis of 
large collections. Traditionally, markers such as simple-sequence repeats (SSRs) 
have been used to address all these questions (FernÆndez í Martí et� al. 2009; 
Martínez-Gómez et�al. 2003; Xie et�al. 2006). More recently, different markers such 
as inter-retrotransposon ampli�ed polymorphism (IRAP), sequence-speci�c ampli-
�cation polymorphism (S-SAP), retrotransposon-microsatellite ampli�ed polymor-
phism (REMAP) and inter simple sequence repeats (ISSR), have been used to 
genotype large number of accessions of several species. In addition, high resolution 
melting (HRM) analysis was developed to detect SNPs in wild almond species 
based on publicly available Prunus ESTs and next-generation sequencing (NGS) 
data (Sorkheh et�al. 2017). An increment of the deployment of genome-wide genetic 
diversity using high-throughput technologies and NGS data will provide new tools 
to add signi�cant value to germplasm collections.

1.5  Classical Almond Breeding

Classical almond breeding can be described as a long and tedious process, similar 
to the improvement processes of the majority of fruit trees. Speci�cally, its pluren-
nial woody character, long juvenile period and multiplication by grafting as a stan-
dard has clearly controlled the selection process. In this sense, breeders must have a 
rigorous and extensive set of data for the speci�c design of new cultivars (Fig.�1.2).

New cultivars will have an impact in the agricultural system around 12�years 
from the time they were �rst selected, which is the average time to release a new 
almond variety (Fig.� 1.2). One of the fundamental keys of this process is the 
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 selection of the genotypes that should be used as genitors. The basis of the design is 
the realization of crosses and, therefore, it is necessary to choose well which culti-
vars must be crossed to generate new cultivars. These crosses can be of the comple-
mentary type, when two cultivars are crossed with complementary characteristics to 
obtain a new cultivar that assembles the interesting phenotypic traits of both geni-
tors, or of the transgressive type, where two cultivars with good phenotypic traits are 
crossed to obtain offspring exhibiting a more extreme phenotype than either parent 
(Martínez-Gómez et�al. 2003).

One important issue, from the economic point of view, is the cost of maintaining 
a large number of offspring populations, something that must be considered by the 
breeder at each crossing period. This population number is directly related to the 
cost in the process of evaluation of the hybrids.

In addition, to develop suitable new cultivars, we need to know the relevant vari-
ables that in�uence our knowledge of the possible future in the success of new 
cultivars. It is thus necessary to examine the endogenous (internal) or exogenous 
(external) variables in�uencing the phenomenon in question. Both types of vari-
ables must be subjected to scienti�c evaluation (Fig.�1.3).

Fig. 1.2 Scheme of an almond breeding program based on the realization of crosses and later 
selection. (Source: Figure created by Pedro Martínez-Gómez)

1 Almond [Prunus dulcis (Miller) D.A.�Webb] Breeding
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The �rst internal variables to consider in any almond breeding program are 
derived from plant traits that are considered as objectives. The most important char-
acteristics in these breeding programs are as follows (Martínez-Gómez et�al. 2003):

 (a) Tree: Floral self-compatibility, time of �owering and maturation, productivity 
and resistance to pests and diseases (Ortega and Dicenta 2003; SÆnchez-PØrez 
et�al. 2004).

 (b) Seed (kernel) quality: Organoleptic quality of the seed size, shape, �avor, or 
hardness of the shell (Socias i Company et�al. 2007).

The knowledge of these internal variables of genetic type will direct their suit-
ability with respect to the proposed design objectives. Prunus species, such as 
almond, are characterized by great interspeci�c compatibility, meaning it is rela-
tively easy to perform interspeci�c crosses. In addition, one of the main handicaps 
of Prunus breeding is the reduced variability of most species derived from their 
mating system, being less polymorphic self-compatible species such as peach or 
apricot in comparison with self-incompatible such as almond and cherry (Graziel 
and Martínez-Gómez 2013). In this context of reduced genetic variability, the real-
ization of interspeci�c crosses is very useful for the development of new cultivars 
(Gradziel et�al. 2001; Martínez-Gómez et�al. 2004; Sorkheh et�al. 2009).

Secondly, internal variables also include the current methodologies available for 
use in the selection of individuals. These methodologies are closely related to the 
level of knowledge available at the meso- and micro-levels, especially in relation to 
the development of molecular markers for the selection of individuals (Gradziel et�al. 
2001; Martínez-Gómez et�al. 2003) and will provide an idea of the ef�cacy and fea-

Fig. 1.3 Internal and external variables affecting the viability and establishment of a new almond 
cultivar obtained through classical breeding. (Source: Figure created by Pedro Martínez-Gómez)
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sibility of new designs or cultivars. Finally, we can include various economic factors 
within the production framework, i.e. the goals, processes and outcomes. The effec-
tiveness and viability of the improvement program will depend on these methodologi-
cal developments as applied to the evaluation. These two terms (effectiveness and 
viability) are related in the economic context to the relationship between science and 
economics. The evaluation of this feasibility, effectiveness and feasibility can lead to 
the abandonment of the new design if it is not feasible or to its production. We would 
have to proceed with the design of a new variety with new crosses and new variables 
to evaluate within the program. In any case, the evaluation process is continuous.

On the other hand, in almond breeding, it is necessary to consider a number of 
external variables including interactions with the environment over a period of sev-
eral years. Many characteristics such as �owering time and �oral compatibility 
must be evaluated for at least 3�years, when trees produce the �rst �owers. Due to 
drawbacks, the use of molecular marker-assisted selection methods is of particular 
interest in breeding programs. Environmental conditions will determine the feasi-
bility of the objectives and the new cultivar in a given location. The adaptation of 
new designs or new cultivars to speci�c climatic conditions is fundamentally condi-
tioned by their winter cold needs for dormancy (Campoy et�al. 2011) and by their 
adaptation to different soil conditions in the case of rootstocks. Their capacity for 
production depends largely on this character and on their interaction with the envi-
ronment considered as an external variable.

Almond bloom in response to an established pattern of low (cold needs) and high 
(heat needs) temperatures after the breaking of winter dormancy (SÆnchez-PØrez 
et�al. 2014). These requirements of cold and heat temperatures guarantee that in each 
zone the �owering will take place at a favorable time for pollination. Pollination will 
be viable in a context of �oral self-compatibility (fertilization of the ovule by pollen 
from the same variety occurs) (Gradziel et�al. 2002; Gradziel and Martínez- Gómez 
2013), whereas in the context of �oral self-incompatibility �owering will require 
pollen of another variety and an isolated variety will not produce fruit (SÆnchez-
PØrez et�al. 2004). Therefore, late �owering cultivars are sought to avoid frost but are 
self-compatible in the case of the almond tree (SÆnchez-PØrez et�al. 2014). In other 
fruit trees such as peach or apricot trees where �owering is not as early, what is 
sought is the precocity in �owering and fruiting to obtain better market prices.

The knowledge of these external variables related to possible stresses will indi-
cate their feasibility with respect to the proposed design objectives. The feasibility 
of developments is another important issue to consider. The technological feasibil-
ity will also depend on the existence of germplasm with the desired genes for resis-
tance to different biotic or abiotic stresses.

Satisfying consumer demands is also an important external variable. New designs 
must have the appropriate characteristics to meet such demands. In addition, the 
availability of different techniques for analysis and selection is another important 
external variable. In addition, the social acceptance of these new cultivars will 
depend on criteria of environmental sustainability. On the other hand, we can 
include various factors of an economic nature, provided that they are considered 
within the framework of production: the phase of objectives, processes and results. 

1 Almond [Prunus dulcis (Miller) D.A.�Webb] Breeding

mohan.jain@helsinki.fi



12

This affects external economic variables, which are those that affect their market 
value. Because the result of a new genetic cultivar presents a durability (a life cycle) 
and involves a market price, which conditions the creative transformation carried 
out by technological innovation.

The degree of knowledge of the variables determines the quality of the prediction in 
the design of new almond cultivars, in addition to their effectiveness, feasibility, suit-
ability and feasibility. New designs must provide the appropriate characteristics to meet 
those requirements. External variables include the availability of the different analysis 
and the selection contemporary techniques, since they have varied throughout history.

Making predictions in Prunus breeding also involves human activity that is geared 
towards reaching feasible goals in the �eld. The processes to be carried out must have 
a reasonable cost, in terms of the level of effort for the realization of the design and 
the means to be used. The result is to create a new cultivar, which requires scienti�c 
knowledge and scienti�c processes. However, the real impact for society comes with 
the technology that fosters this innovation through objectives and a task, which origi-
nate in a new cultivar that arises from transforming one�s own reality and making it 
have a value in the market. Thus, the scienti�c, technological and economic rationali-
ties interact. Economic mediation directly affects the human activity deployed.

Under new climatic and consumer conditions, an integrated approach to evaluat-
ing more drought resistant and productive cultivars with enhanced nutraceutical 
quality, is of great interest in almond breeding.

1.6  Mutation Breeding

Almond mutation breeding is not common as far as we know. However the use of 
spontaneous mutants in almond breeding has been performed. One example is the 
development of a late-blooming almond through classical breeding. Martínez- 
Gómez et�al. (2017) concluded that the adaptation of almonds from the Mediterranean 
Basin to colder regions in northern Europe and North America has been mainly 
achieved through delayed �owering. These adapted late-�owering cultivars have 
usually been developed by selecting desired quantitative genes within each region. 
The use of molecular markers for the early selection of genes conferring late �ower-
ing has also facilitated the development of additional late cultivars including ultra- 
late cultivars, �owering as late as April, together with the combination of material 
from different gene pools. These�ultra-late �owering cultivars also include genetic 
material from spontaneous late-�owering mutations.

P. J. Martínez-García et�al.
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1.7  Drought Resistance

Climate variability and water availability require the rapid development of produc-
tion systems able to cope with risk and uncertainty. In this sense, drought resistance 
in almond, linked to the ef�cient water use (Yadollahi et�al. 2011), together with the 
ability of the root system to access water, are important breeding targets.

Rusticity and �exibility of the different components of the production systems 
(including cultivars and rootstocks) should be improved. Clearly, the plantation and 
management of new sustainable agro-systems in the Mediterranean Basin for 
almond production, designed to last for long periods, must consider the impact of 
climatic conditions when selecting new cultivars and rootstocks. In this sense, 
drought is one of the biggest problems for non-irrigated culture across the 
Mediterranean countries. Studies about drought resistance have been conducted on 
wild and cultivated almonds (Camposeo et�al. 2011; Palasciano et�al. 2014) but these 
are scarce in the case of native germplasm from other areas. Some of these studies 
conducted by different research groups in Morocco, Tunisia and Spain provided 
preliminary results on drought resistance of almond cultivars and hybrid rootstocks 
(Alarcón et�al. 2002; Esmaeli et�al. 2017) and also the discovery of new genetic 
diversity from these regions (Gouta et�al. 2012; Kodad and Socias i Company 2008).

Under drought conditions, plant develop strategies to cope with stress (accelerat-
ing the life cycle) or to avoid it (controlling stomatal conductance, investing in the 
development of the root system, reducing canopy, etc.) or activate osmotic adjust-
ments to increase tolerance to low tissue water potential (for instance accumulating 
compatible solutes). The ef�ciency of photosynthetic carbon gain relative to the rate 
of water loss can be used as an indicator (Ennaheli and Earl 2005; JimØnez et�al. 
2013). In the seasonally dry and variable environment of the Mediterranean region, 
the ability of species like almond to cope with water scarcity is not only dependent 
on the cultivar, but also very dependent on the rootstock on which it is grafted.

The characterization of drought resistance in almond cultivars and other fruit tree 
crops is linked to ef�cient water use (Yadollahi et�al. 2011), together with the ability 
of the root system to access water. Collecting breeding material for future research 
provides helpful tools to reduce drought losses, but this is a lengthy process (Neale 
et�al. 2017). However, development of improved production systems using drought 
resistant almonds may be possible utilizing native germplasm. These materials 
allow a more sustainable production, particularly in the marginal areas of harsh 
climate conditions found around the Mediterranean Basin (Gouta et�al. 2010, 2011, 
2019). This preliminary material has proven to be more ef�cient and resilient than 
wild species that, moreover, show poorer agronomical behavior (Sorkheh et� al. 
2009). However, an integrated approach evaluating new materials, having good 
yield, better nutraceutical quality and highly resistant to drought has not yet been 
developed as far as we know.

1 Almond [Prunus dulcis (Miller) D.A.�Webb] Breeding
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1.8  Nutraceutical Values

Among cultivated nuts, almonds are one of the most nutritive (Kendall et�al. 2003). 
They are considered a good source of essential fatty acids, vitamins and minerals 
(Table�1.2) (Saura-Calixto et�al. 1981). Also, one of the best natural sources of vita-
min E (Sabate and Haddad 2001) which is purported to play a role in preventing 
heart disease, certain kinds of cancer and cataract formation (Kodad et�al. 2006).

One ounce of almonds (20�25 kernels) contains 15% of the recommended 
daily values of phosphorus, 37% of vitamin E and 21% of magnesium. Almonds 
also represent a convenient source of �ber and folic acid. Historical uses of sweet 
and/or bitter almond ointment include the treatment of asthma, male-pattern bald-
ness and as a soothing salve for burns (Gradziel and Martínez-Gómez 2013).

Almond kernels are also a source of high-quality oil, representing over 50% of 
the kernel dry weight. This oil is primarily composed of the more stable oleic acid, 
making it desirable from ancient times to the present for use as a base for various 
ointments and pharmaceuticals. The high level of this monounsaturated fat in 
almond kernels may be partly responsible for the observed association between 
frequent nut consumption and purported reduced risk of coronary heart disease 
(Fulgoni et�al. 2002; Lovejoy et�al. 2002).

The almond is appreciated in the processed food industry and also as a func-
tional food with both nutritional and medical (nutraceutical) properties including 
nutrients, vitamins, healthy blood lipids and purported anti-in�ammatory and 
hypocholesterolemic properties (Kodad and Socias i Company 2008; Kodad 

Table 1.2 Nutrient 
composition of the almond 
kernel per 100�g fresh weight 
of edible portion

Nutrient Value
Energy 578�kcal
Protein 21.26�g
Carbohydrate 19.74�g
Fiber, total dietary 11.8�g
Glucose 4.54�g
Starch 0.73�g
Calcium 248�mg
Magnesium 275�mg
Phosphorus 474�mg
Potassium 728�mg
Sodium 1�mg
Folate, total 29 mcg
Vitamin E 25.87�mg
Saturated fatty acids 3.88�g
Monounsaturated fatty acids 32.16�g
Polyunsaturated fatty acid 12.21�g

Source: Adapted from Socias i Company 
et�al. (2007)
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